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ABSTRACT 
A single crystal thin film of UO2 on a YSZ substrate was irradiated with 1MeV Kr ions at 
doses ranging from 1x10
14
 ions/cm
2
 to 1x10
16
 ions/cm
2
 and temperatures ranging from room 
temperature to 1000°C.  These irradiations were conducted ex situ with one in situ irradiation at 
800°C.  Post irradiation examination was conducted using transmission electron microcopy to 
study and characterize the defect evolution in the microstructure.  Results show defect nucleation 
with little growth at room temperature irradiations.  As the temperature increases, defects 
nucleate and grow into dislocation loops and extended networks with increasing dose.  At 600°C 
some dislocation loops form at high dose, but most of the defects remain small and isolated.  The 
in situ 800°C experiment shows the most dislocation loop nucleation and growth.  At 1000°C the 
defects grow at a much quicker rate than at lower temperatures, but anneal out as the dose and 
irradiation time increases.  To summarize, the defect nucleation and growth is linked to the 
irradiation temperature.  At lower temperatures, defects grow into a larger network of defects 
while at higher temperatures; the damage begins to heal through annealing. 
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CHAPTER 1: INTRODUCTION 
 Nuclear power is a very important method of modern electricity production.  These 
power plants operate by harnessing the heat generated in nuclear fission to generate electricity 
through a steam cycle.  Nuclear fuels in these plants are typically composed of ceramic Uranium 
Dioxide pellets packed within fuel rods.  Over the lifetime of the fuel, a large amount of damage 
is incurred as the result of fission product and radiation damage within the fuel.  Research is 
being conducted into the design of new nuclear reactors that run on a variety of fuel types 
including both metal and oxide systems.  The goals of these new reactors are to help close the 
nuclear fuel cycle.  That is, to reduce nuclear waste and breed new fissionable materials to be 
burned in other reactor types.  One aspect of new reactor designs is that of the nuclear fuel itself.  
New nuclear fuels will be required to endure higher burnup ratios which results in increased time 
being fissioned and exposed to damage processes in the reactor core.  To further develop nuclear 
fuels, these damage processes need to be investigated in greater detail.  Figure 1.1 illustrates the 
evolution of radiation damage in a nuclear fuel pin. 
 During fission, a large number of mechanisms can cause damage to the nuclear fuel.  The 
primary method explored in this thesis is that of fission fragment and neutron cascades.  In the 
fission process, a uranium atom is broken apart into two smaller fragment atoms with a kinetic 
energy proportional to the change in binding energies of the two states.  A typical fission 
fragment carries a kinetic energy between 80MeV and 120MeV.  These fission fragments then 
become the primary knock on atoms (PKA’s) for displacement cascades.  The resulting cascades 
cause a large number of Frenkel pairs and other point defects in the system.  Most of these 
displaced atoms recombine, but some do not and cause interstitial clusters and voids or the 
conglomeration of either of these defects into dislocation lines and loops.   
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 The primary purpose of this thesis is to characterize the microstructural effects, 
specifically dislocation loops and lines, in uranium dioxide (UO2) as a result of radiation damage 
due to accelerated ions.  This work investigates this phenomenon at the onset of damage at low 
radiation doses.  1MeV Kr ion implantation experiments were carried out on uranium dioxide 
single crystals grown on a yttria stabilized zirconium dioxide substrate with a depleted uranium 
source at a variety of temperatures.  UO2 is a fluorite crystal with the cations (U) occupying face 
centered cubic sites and the anions (O) occupying simple cubic tetrahedral sites in the face 
centered cubic lattice.  These samples are then investigated using transmission electron 
microscopy (TEM) to determine the nature of the defect phenomena that form as a result of the 
radiation damage. 
 
Figure 1.1: Evolution of Radiation Damage in a Fuel Pin [1] 
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Chapter 2: Background and Theory 
 This chapter will explain much of the background information and relevant theory to the 
radiation damage investigation in this thesis.  It will first focus on the materials science of 
defects in crystals and then expand to their formation through radiation damage events.  Electron 
microscopy imaging theory and techniques will also be discussed. 
2.1: Defect Structures 
 This investigation studied defects in a single crystal uranium dioxide samples.  Of the 
many crystal types including body centered cubic, hexagonal close packed and face centered 
cubic, urania belongs to the fluorite structure where the oxygen atoms form a simple cubic 
structure and the uranium atoms for a face centered cubic structure.  All of these structures share 
similar methods of damage production.  Since face centered cubic (FCC) structures are closely 
related to uranium dioxide, it will be the focus of this analysis.  Figure 2.1 shows a schematic of 
the UO2 unit cell with U atoms on the face centered sites and O atoms on the interior simple 
cubic sites. 
 
Figure 2.1: Schematic of UO2 Unit Cell [2] 
 All crystal structures inherently contain various types of defects.  The simplest of these 
are point defects: the interstitial and the vacancy.  The interstitial is an extra atom that is 
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imbedded in between the accepted sites of the unit cell of a crystal.  This atom can be an 
impurity or an atom of the same species as the constituents of the crystal.  A self interstitial is 
abbreviated SIA.  The locations of these interstitials are determined based on the minimization of 
the total energy of the system.  The potentials of the surrounding atoms force interstitials into 
one of two sites in the FCC lattice: the tetrahedral and octahedral sites (Figure 2.2).   
 
Figure 2.2: Interstitial Locations in the FCC Crystal [3] 
 Interstitials can have a wide array of effects on the crystal’s overall properties.  The 
presence of an interstitial causes the unit cell to expand due to interacting atomic forces resulting 
in a density decrease and change in other properties such as thermal conductivity [3]. 
 The other corresponding point defect is the vacancy.  A vacancy is the absence of an 
atom from its normal lattice site.  Figure 2.3 shows a variety of vacancy and multi vacancy 
configurations.  The presence of a vacancy causes the surrounding atoms to relax thus 
introducing a tensile stress compared to the compressive stress an interstitial causes.  There are 
also several unique configurations of interstitials and vacancies found especially in ionic crystals. 
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Figure 2.3: Vacancy Configurations [8] 
 Ionic crystals have a strong tendency to maintain charge neutrality even on an atomistic 
scale.  To maintain charge neutrality, two unique point defect combinations can form: the 
Schottky defect and Frenkel defect.  A Schottky defect is multiple vacancies of opposite charge 
[9].  In the case of UO2 this would be a cluster of vacancies including both U and O atoms to 
maintain net zero charge.  A Frenkel defect is an interstitial vacancy pair [9].  An example can be 
an O atom that is displaced creating an O vacancy and a nearby O interstitial.  Figure 2.4 shows 
some common point defect combinations.  Since atoms are conserved, there is always a balance 
in concentration of both vacancies and interstitials [8].  This is found based on the entropy of the 
crystal system.  Based on the formation energies of vacancies and interstitials, there is a higher 
equilibrium concentration of vacancies than interstitials in an unirradiated crystal [8]. 
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Figure 2.4: Point Defect Examples [3] 
 All of the point defects described previously have the ability to diffuse throughout the 
crystal depending on the temperature and their migration energy.  The diffusion rates vary based 
material properties, atom species, radiation enhanced diffusion and the presence of sinks.  Some 
diffusion mechanisms include the exchange ring mechanism, the vacancy and interstitial 
mechanism and the dumbbell interstitial mechanism [8].   Some of the most common extended 
defect structures and the focus of this work are the dislocation line and loop. 
 Dislocation lines have two main configurations, the edge and screw dislocation.  Figure 
2.5 shows both of these illustrations.  An edge dislocation can be generalized as an extra half 
plane of atoms inserted into a crystal creating a fault in the atomic stacking [10].  This distorts 
the neighboring crystal introducing a stress in the crystal.  A screw dislocation is a displacement 
of a plane of atoms in a crystal [10].  Dislocations can also exhibit a combination of these 
configurations.  Figure 2.5 also illustrates the concept of the Burgers vector.  The Burgers vector 
is useful to determine the orientation and direction of a dislocation loop.  Theoretically it is 
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found by comparing the Burgers circuit of a deformed and perfect crystal, with the failure to 
close the circuit in the perfect crystal representing the Burgers vector. 
 
 
Figure 2.5: Above-Edge Dislocation -- Below-Screw Dislocation [10] 
 As dislocation lines and point defects diffuse, they can agglomerate into clusters and 
eventually into dislocation loops.  Figure 2.6 shows how a vacancy or interstitial loop can form.  
The reason loops form is that it is energetically favorable for the point defects to form a loop 
compared to existing as scattered defects [10].  The Burgers vector of dislocation loops is normal 
to the plane of the loop.  In the case of FCC dislocation loops, the loops glide on the {111} 
family of planes [2]. 
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Figure 2.6:  
From Left to Right: Vacancies, Vacancy Cluster, Vacancy Loop and Interstitial Loop 
 
2.2: Radiation Damage 
In a nuclear reactor a wide variety of radiation types exist all of which are capable of 
causing their own unique damage to materials.  In a radiation damage event, the primary knock 
on atom (PKA) interacts with the atoms in the target material.  The PKA will transfer some of its 
kinetic energy to the target atom and if the transferred energy is greater that the displacement 
energy of the target atom, the target atom will be displaced from its lattice site.  Now both the 
PKA and the displaced atom can continue to transfer kinetic energy to the rest of the atoms in the 
lattice until the cascade has come to rest [8]. 
Different forms of radiation have different damage effects in the crystal lattice.  In a 
nuclear reactor common radiation types include beta particles (electrons and positrons), protons, 
neutrons, fission products and gamma rays.  Figure 2.7 shows how each of these radiation types 
creates a different damage cascade in a crystal.  Electrons typically produce point defects while 
protons produce smaller, isolated cascades.  Fission products (heavy ions) produce dense 
cascades similar to that of neutrons.  This allows comparisons between ion beam irradiations and 
neutron damage found in nuclear reactors.  
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Figure 2.7: Radiation Damage Morphologies [8] 
 It is also important to create a universal measurement for radiation damage from a 
number of radiation damage sources.  The accepted measurement is displacements per atom 
(dpa) which is the number of atoms that have been displaced in the target material divided by the 
number of atoms in the target material.  For example, 1dpa would correspond to each atom in the 
target material being displaced once.  To find a value of dpa theoretically, the modified Kinchin 
Pease model is to be used.  Equation 2.1 shows the Modified Kinchin Pease displacement 
function [4]. 
      
     
   
   Equation 2.1 
In the above equation ε is the displacement efficiency (0.8), ν(E) is the PKA energy after 
electronic stopping is taken into account, Ed is the displacement energy for the target atom and 
Nd is the number of Frenkel defects produced [4].  If this function is integrated over the recoil 
spectrum for the irradiation conditions the total dpa can be found.  This thesis will employ the 
program TRIM to aid in this calculation.  TRIM (Transport and Range of Ions in Matter) is a 
program that calculates radiation damage in user specified materials based on the Kinchin Pease 
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model.  TRIM does assume that the target materials are amorphous instead of crystalline to speed 
up calculation times, which makes the results approximations to the detailed damage processes 
[11].  Figure 2.8 shows the TRIM dpa result for 1MeV Kr ions in a UO2 film on a YSZ substrate.  
This plot can be multiplied by the fluence of the ion beam and divided by the density of atoms in 
the crystal to find total dpa. 
 
Figure 2.8: TRIM Atom Distribution Plot for 1MeV Kr in UO2 
In a radiation damage event not all displaced atoms remain as interstitials.  Many of them 
recombine with corresponding vacancies resulting in a recrystallization of the surrounding 
lattice.  Some of the point defects from the cascade survive recombination and exist as vacancies 
and interstitials.  These defects can then thermally diffuse or transport from future radiation 
damage cascades.  As defects transport in the crystal they can form into many of the defects 
described in the previous section or be lost to sinks such as the surfaces of the thin film being 
studied.  Figure 2.9 shows a number of mechanisms defects can exhibit during a displacement 
cascade. 
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Figure 2.9: Radiation Displacement Spike [8] 
2.3: Transmission Electron Microscopy Theory 
 Transmission electron microscopy (TEM) is an extremely useful tool for characterizing 
the microstructure of many materials. A TEM uses electron beams acting as waves to analyze 
their diffraction through materials.  The transmitted beams are capable of forming images and 
diffraction patterns as a result of this. 
 An electron microscope has a series of components which allow creation and 
manipulation of the electron beam and a series of apertures to manipulate the beam further.  All 
of these components are on a vertical column that is under vacuum.  At the top of the column is 
the electron source which can fall into three categories: emission, reflection and mirror [5].  In 
this thesis a TEM equipped with a thermionic emission source is used, a LaB6 crystal.  Figure 
2.10 shows the next portion of the column up to the plane where the sample is placed.  In this 
section there are electromagnetic coils in an annular geometry around the electron beam that act 
as lenses.  These lenses are termed condenser lenses and help create a coherent electron beam to 
diffract through the specimen. 
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Figure 2.10: TEM Upper Column Schematic [6] 
 The column on the TEM below the specimen contains the objective and selector 
apertures in addition to more lenses to magnify the transmitted electron beam.  A TEM has two 
main imaging modes: diffraction patterns and normal imaging.  The orientation of these 
apertures creates the different beam paths to create these two imaging modes.  Figure 2.11 shows 
a schematic of the lower column of an electron microscope in both of these imaging modes. 
 After the beam diffracts through the sample an image is formed and captured on a CCD 
camera.  This image can then be saved through computer software attached to the microscope 
and camera system. 
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Figure 2.11: TEM Lower Column Schematic [6] 
 There are three main imaging modes used in this thesis work: diffraction, bright field and 
dark field.  Diffraction patterns show how an electron beam diffracts through a crystal sample.  
There is a strong, directly transmitted beam and a pattern of weaker diffracted beams.  These 
beams all obey Bragg’s Law shown in Equation 2.2 [7]. 
             Equation 2.2 
In this equation n is an integer,   is the wavelength of the electron beam, d is the lattice spacing 
and   is the angle between the electron beam and the lattice plane [7].  Figure 2.12 shows a 
computer simulated diffraction pattern and Kikuchi map in a UO2 crystal centered on the [001] 
zone axis.  The image was formed using WebEMAPS software through the Seitz Materials 
Research Laboratory. 
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Figure 2.12: Computer Simulation of UO2 Diffraction Pattern 001 Zone Axis [12] 
 In this work, bright field images are formed by placing an aperture around the transmitted 
beam through the sample.  In Figure 2.12 the transmitted beam is the spot identified as 000.  
Dark field images are formed by placing an aperture around one of the diffracted spots, for 
example 220.  Using different beams to generate images yield different results based on the 
resulting contrast conditions.  Image contrast is created through the different diffraction of beams 
based on differences in lattice planes due to defects [10].  For example an interstitial dislocation 
loop is an additional plane of atoms inserted into the crystal.   This will cause the beam to 
diffract differently than through a perfect crystal because the angle of incidence between the 
beam and the defect is different than that of the perfect crystal.  Figure 2.13 shows this example. 
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Figure 2.13: Diffraction of an Electron Beam through a Dislocation Loop [10] 
 This type of diffraction is useful to form contrast in bright field imaging because the 
diffracted beam is then blocked by the objective aperture.  This causes the image of the crystal to 
show a dark contrast proportional to the crystal defect thus allowing defect to be imaged.  A dark 
field image that uses a diffracted beam to form the image will then show defects as bright 
contrast on the image.  Both of these methods together allow for the characterization of defects. 
 For effective diffraction contrast to be most effective a two beam condition must be 
established in the microscope.  This condition involves tilting the specimen while in diffraction 
mode until the desired diffracted beam spots along the Ewald sphere are excited [6].  These spots 
become excited due to tilting because the incident angle between the lattice planes and beam 
becomes closer to the Bragg condition for strong diffraction.  Once this condition is achieved 
both bright and dark field diffraction contrast images can be observed. 
 Lastly, several other aspects of electron microscopy will be explained including Moire 
fringes, Fresnel fringes and Kikuchi bands.  Kikuchi bands are formed when inelastic scattered 
electrons are Bragg diffracted through the crystal and form background radiation bands that 
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correspond to the diffraction spots.  These bands are useful to determine the orientation of the 
crystal.  Kikuchi maps have been constructed for different crystal types showing where zone 
axes are and their relationship to each other through Kikuchi bands [5].  Figure 2.14 shows a 
Kikuchi map for the FCC crystal.  By tilting the specimen along a Kikuchi band, you can travel 
to a different zone axis.  This is useful for b·g analysis of the Burgers vector of dislocations.   
 
Figure 2.14: Kikuchi Map for FCC Crystal [6] 
Fresnel fringes occur on the edge of samples and appear as bright outlining for an under focused 
beam and as a dark outlining for an over focused beam [5].  This phenomenon is useful for 
focusing the image.  Moire fringes occur when two different crystals overlap and the resulting 
electron beam that is diffracted interferes with itself.  The result is a fringe pattern in the sample 
and it is useful in determining if the image show represents the sample or the sample on top of 
the substrate. 
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Chapter 3: Literature Review 
 The purpose of this chapter is to explore previously completed work to create a base of 
knowledge on experimental work pertaining to radiation damage investigations of uranium 
dioxide.  This section will explore the work of researchers who have studied this or similar 
materials and to explore relevant experimental methods and characterization techniques. 
 Hansjoachim Matzke of the Joint Research Center of the European Institute for 
Transuranium Elements has conducted a wide variety of research experiments on uranium oxide 
and other transuranic compounds.  His work has covered a wide variety of experimental and 
theoretical topics including diffusion and radiation damage.  In a UO2 fluorite lattice, the non 
metal atoms diffuse at a much higher rate than metal ones, typically at a ratio of 1:10
5
-1:10
6
 [13].  
This implies that non metal atoms, specifically O atoms in UO2, diffuse at a much higher rate 
leading to more oxygen interstitial dislocation loops and lines.  In hyperstoichiometric UO2, O 
atoms diffuse through interstitials while in hypostoichiometric UO2 they diffuse through 
vacancies [13]. 
 There have also been several studies concerning ion bombardment of UO2 by Matzke et 
al.  One such set of experiments involved irradiating UO2 films with 72MeV-2.7GeV ions [14].  
The results of this study showed damage tracks under TEM imaging when the stopping power of 
the material was over 29keV/nm simulating the energy loss of fission products.  It also showed 
that Kr ions that were implanted at 40keV and formed into bubble in the lattice were able to 
undergo resolution under this swift ion bombardment.  Overall, this study implies that ions can 
be used as a surrogate to fission damage.  A similar experiment with 300keV Xe atoms showed a 
polygonization effect in UO2 [15].  This effect is similar to the rimming effect in spent nuclear 
fuel which involves a microstructure change in the outer annular region of a fuel pellet.  It is also 
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proposed that this restructuring nucleates from edge dislocations in the fuel [16].  500keV Xe 
implantation at a dose of 5x10
15
 ions/cm
2
 was conducted in situ at the IVEM Tandem Facility at 
Argonne National Laboratory.  Matzke et al. also bombarded UO2 with 200keV Kr and 300keV 
Xe atoms to study the damage effects on the oxygen sublattice [17].  Using Rutherford 
Backscattering Spectroscopy they showed that defects tend to cluster due to oxygen’s higher 
mobility than uranium, specifically at doses above 2x10
15
 ions/cm
2
.   
 Frederico Garrido et al. have also performed a wide array of TEM and RBS studies on 
radiation effects in UO2.  One such study irradiates UO2 with 20keV He atoms and 500keV Xe 
atoms [18].  The results of this study show through TEM that the damage of the crystal occurs in 
two steps.  At low dose (4-10 dpa) tangled dislocations form while at doses above this the gas 
implantation results in a higher gas concentration that leads to macroscopic fracturing.  Similar 
radiations with He and Kr ions were also performed with the intent of benchmarking molecular 
dynamics (MD) calculations [19].  This work studied the nucleation of fission gas bubbles and 
showed that interstitial defect clusters are dislocation loops. 
 Catherine Sabathier et al. performed an in situ TEM ion irradiation study on UO2 thin 
foils made from a polycrystalline UO2 pellet [20].  Doses ranged from 10
13
-10
16
 ions/cm
2
 with 
390keV Xe and 300keV Cs ions at temperatures of 670K-870K.  Their results using TEM 
showed dislocation loop formation leading into a tangled dislocation network.  They also 
observed bubble nucleation in both species at 2at.% and in Xe at 0.4at.% when temperatures 
exceeded 870K. 
 L. Wang performed a series of in situ tests at the IVEM Tandem facility at Argonne 
National Laboratory with 1.5MeV Kr ions in a Ca2La8(SiO4)6O2 sample [21].  Wang’s results 
detail a variety of characterization techniques including TEM, HRTEM, AEM, CBED and 
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XTEM.  Some key experimental practices were discussed concerning the effects of thin film 
samples that are mechanically thinned and ion polished.  In the thinnest regions of the sample 
some amorphous zones can occur due to these preparation techniques.  Therefore it is best to 
perform microscopy on thicker portions of the sample. 
 M. Amaya et al. performed SEM and lattice measurement analyses on UO2 fuel pellets 
that were fissioned in the Halden Heavy Water Reactor to study rimming effects [22].  They 
concluded that interstitial atoms form dislocations to recover their induced strain which in turn 
allows more developed dislocation networks to form through their migration.  These dislocations 
then act as sinks for migrating vacancies leading to density changes throughout the pellet and as 
a result the rimming structure is observed. 
 CeO2 is also studied as a surrogate for UO2 as they both share the same fluorite structure 
and similar lattice parameters.  T. Mihara et al. performed ion irradiations with 300keV Xe and 
12-18MeV I and O ions on a sintered CeO2 sample [23].  Their goals were to simulate the 
rimming effect on this surrogate material and examine the resulting damage with SEM and XRD.  
Their results show that oxygen interstitials accumulate as shown in other studies. 
 Di Yun, Bei Ye et al. have performed numerous in situ and ex situ studies on CeO2 
[24,25].  Irradiations of single crystal CeO2 consisted of 150-1000keV Kr ions at room 
temperature 600°C and 800°C with doses up to 1x10
15
 ions/cm
2
.  The results characterize the 
resulting dislocation structure formations.  At low dose, interstitial defect clusters formed, 
growing into loops.  As dose continues to increase a dislocation network developed through 
coalescence of the dislocation loops and lines and defect clusters. 
 In summary, a large body of work characterizing radiation damage in UO2 and other 
fluorite materials exists.  Much of this work is motivated by studying the cause and evolution of 
20 
 
the rimming effect in nuclear fuel pellets.  To accomplish this both accelerator and reactor based 
radiation experiments are employed with analysis being performed with TEM, RBS and XRD.  
Of the accelerator based experiments, most focus on low energy implantations or very high 
energy swift ion bombardments.  This leaves open for contribution the quantification of 
dislocation loop formation in the mid energy range (1MeV Kr) studied in this thesis work. 
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Chapter 4: Experimental Methods 
4.1: Sample Materials 
 Experiments were carried out on uranium dioxide single crystals grown on a yttria 
stabilized zirconium dioxide substrate with a depleted uranium source.  UO2 is a fluorite crystal 
with the cations (U) occupying face centered cubic sites and the anions (O) occupying simple 
cubic tetrahedral sites in the face centered cubic lattice (Figure 4.1).  Table 4.1 also summarizes 
various materials properties for uranium dioxide. 
 
Figure 4.1: Schematic of UO2 Unit Cell [2] 
 
Table 4.1: Uranium Dioxide Properties 
Property Value Property Value 
Molar Mass 270.03 g/mol Geometry U
IV
 Cubic 
O
2-
 Tetrahedral Density 10.97 g/cm
3
 
Melting Point  2865 C Lattice Constant 5.4708 A 
Crystal Structure Fluorite Space Group Fm3m 22 
 
 The samples were grown on a YSZ substrate by Professor Brent J. Heuser’s research 
group at the University of Illinois at Urbana-Champaign by use of a sputtering system.  Samples 
are grown in a reactive gas magnetron system at 650°C with an oxygen partial pressure of 1x10
-7
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torr.  A depleted uranium target is sputtered onto a YSZ single crystal target with an argon 
plasma at 4-8mtorr.  Samples were grown to ~1000 angstroms thickness of UO2 over the course 
of ten minutes on a much thicker YSZ substrate with the [001] direction of the crystal parallel to 
the film surface.   
4.2 Sample Irradiation 
 To simulate the damage evolution nuclear fuel undergoes in a reactor, samples of UO2 
films on YSZ substrates were exposed to a variety of radiation conditions using 1MeV Kr atoms 
to simulate neutron and fission product damage.  Table 4.2 shows the radiation conditions 
explored in this thesis.  At this energy level for Kr, the ions will pass through the film inducing 
dislocations.  The majority of the Kr ions will then continue through the film and embed 
themselves in the substrate.  This is a favorable condition as the purpose of this study is to 
investigate dislocation loop evolution.  Figure 4.2 shows TRIM data that shows the distribution 
of Kr ions in the sample. 
Table 4.2: Sample Irradiations 
Temperature (°C) 1 MeV Kr Ion Dose (ions/cm
2
) 
Room Temperature 1x10
14 
5x10
14
 8x10
14
 1x10
15
 1.5x10
15
 
600 1x10
14
 5x10
14
 8x10
14
 1x10
15
  
800 
ex situ 
5 x10
14
 8x10
14
 1x10
15
 1x10
16
 
800 
in situ 
1x10
14
 3x10
14
 5x10
14
 8x10
15
 1x10
15
 2 x10
15
 
1000 1x10
14
 5x10
14
 1x10
15
 1x10
16
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Figure 4.2: TRIM Plot of 1MeV Kr Ion Distribution  
 Conditions were chosen based upon previous work on cerium dioxide conducted in Professor 
James Stubbins research group at the University of Illinois by Bei Ye [26] and by the capabilities 
of the research facilities.  The previous experiments involved radiating CeO2 in similar fashion 
and investigating the ensuing microstructure.  Those experiments used CeO2 as a surrogate 
material for UO2 due to its similar properties.  These experiments were designed to compare 
results to this work.  Irradiation experiments were conducted at the HVE Van de Graaff 
accelerator in the Center for Microanalysis of Materials at the Frederick Seitz Materials Research 
Laboratory at the University of Illinois and at the IVEM Tandem Facility at Argonne National 
Laboratory.  The Van de Graaff facility (Figure 4.3) contains high and low temperature stages 
capable of holding bulk specimens (Figure 4.4). 
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Figure 4.3: Van de Graaff Generator and Beam Line 
 
Figure 4.4: High Temperature Stage 
 The high temperature stage uses a halogen heating element to achieve temperatures up to 
1000°C.  Samples were irradiated according to Table 4.2 using a Kr ion beam of 100nA with a 
square 3mm x 3mm aperture.  The temperature is monitored with a thermocouple mounted 
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between the sample and the stage.  The dose is measured by measuring the current density just 
before the beam reaches the stage. 
 The IVEM Tandem Facility consists of a beam line at a 30 degree angle to the electron 
beam of a Hitachi H-9000NAR TEM (Figure 4.5).  This facility is unique in that it allows in situ 
observation and radiation of samples. This facility uses a NEC Tandem 2MV accelerator to 
generate the high energy beam at high current density at the sample location in the microscope 
column.  
 
Figure 4.5: IVEM Tandem Facility at Argonne National Laboratory 
4.3: Sample Preparation 
 Samples begin as 10mm square UO2 films on thick YSZ substrates.  These samples must 
be prepared both for irradiation and for TEM observation.  To prepare for loading onto the stages 
of the HVE Van de Graaff, samples are cut into strips using a low speed diamond saw.  These 
strips measure approximately 2mm in width and 5-10mm in length.  They attached to the stage 
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and irradiated accordingly.  Once irradiated, the samples are then cut using the low speed saw 
again to approximately 2mm x 2mm squares (Figure 4.6).   
 
Figure 4.6: Low Speed Diamond Saw 
 The samples must then be prepared for TEM observation.  To be electron transparent, the 
samples need to be thinned using a multitude of methods.  The samples are first mounted onto a 
tripod to ensure even thinning using crystal bond.  Figure 4.7 shows the tripod used to mount the 
sample.  It contains three micrometers to change the stage height uniformly to mill away the 
substrate. 
 
Figure 4.7: Tripod 
27 
 
 Then the substrate is milled away on an MTI EQ Unipol 830 polisher (Figure 4.8) polishing 
wheel using a diamond lapping plate with a mesh of 600 (16um particle size).  This is done until 
the sample is approximately 50um in thickness.  Then a series of diamond lapping films with 
diamond particles ranging from 9um down to 1um are progressively used to thin the sample to 
approximately 30um in thickness. 
 
Figure 4.8: Polishing Wheel 
 After mechanical polishing, the samples need to be ion polished to achieve electron 
transparency.  The mechanically thinned sample is mounted on a standard copper or 
molybdenum TEM aperture grid using M-Bond or a Gatan high temperature epoxy resin.  These 
are then mounted on a post with crystal bond for mounting into a Gatan Precision Ion Polishing 
System (PIPS) (Figure 4.9).  This system uses low energy (1keV-5keV) Ar ions to sputter 
sample material away.  The ion beams are directed on an inclined angle of seven degrees to the 
sample as the sample rotates at 3rpm.  This will create a hole in the center of the sample with a 
seven degree angle (Figure 4.10).  This figure shows a cross section of the sample with the tip of 
the film being transparent to an electron microscope.  Typical polishing times include two hours 
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of 5keV sputtering followed by four hours of 3keV sputtering.  The end result is a sample with a 
central hole.  The sample is then cleaned in acetone to dissolve the crystal bond and methyl 
alcohol for further cleaning. 
 
Figure 4.9: Gatan PIPS 
 
Figure 4.10: Sample Cross Section 
4.4: Sample Investigation and Characterization 
 Samples were investigated at the Center for Microanalysis of Materials at the Frederick 
Seitz Materials Research Laboratory.  A JEOL JEM 2010 LaB6 transmission electron 
microscope was the primary analysis tool used in this work.  This microscope (Figure 4.11) is a 
200kV electron microscope capable of tilting the sample in two directions (+/- 40 degrees) and 
bright and dark field imaging.  This instrument has a Cs of 1.4mm, an information limit of 
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0.14nm, a point resolution of 0.28nm and is controlled through the computer program Digital 
Micrograph. 
 
Figure 4.11: JEOL 2010 LaB6 TEM 
 The analysis of the micrographs was performed using ImageJ software.  This software 
allows the measurement of the diameter of the dislocation loops and lines observed. 
 Sample characterization performed at the IVEM Tandem facility was conducted on a 
Hitachi H-9000NAR TEM.  This TEM operated between 100-300kV with a Cs of 2.8mm.  It also 
uses sample holders capable of tilting and heating. 
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Chapter 5: Results and Discussion 
The results and discussion section will first examine unirradiated UO2 to characterize the 
sample as a control.  This will show any defects that are formed as a result of the sample 
preparation process.  Irradiated samples are then to be examined with histograms and plots 
showing the size distributions of dislocation loops found.  All experiments were performed ex 
situ with the exception of the 800C irradiation at the IVEM Tandem Facility. 
5.1: Unirradiated UO2 
 The sample preparation process outlined in Chapter 4 introduces small defects into the 
UO2 film as a result of the ion milling process and mechanical thinning and cutting.  
Unirradiated UO2 is examined to set a baseline of damage in the samples produced in this work.  
Figure 5.1 shows the selected area diffraction pattern for the sample.  This sample is being 
viewed at the [001] zone axis and shows the appropriate pattern for an FCC crystal at this zone 
axis.  This shows that through sample preparation, the sample remains crystalline and is able to 
be viewed under TEM. 
 
Figure 5.1: Selected Area Diffraction Pattern [001] Zone Axis 
 Figure 5.2 shows micrographs of an unirradiated sample to show the effects of sample 
preparation.  The unirradiated samples show a large number of small, dot contrast defects.  These 
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can be small dislocation loops or defect clusters.  These defects can be introduced through the 
film growing process and sample preparation.  In the dark field image below, the defect density 
is roughly constant throughout the area shown which implies that the defects are constant 
throughout the film and are thus a property of the sputtering film growth.  The area near the edge 
of the film is extremely thin and does not necessarily represent the properties of the film as a 
whole. 
 
Bright Field Image 
 
 
Dark Field Image 
Figure 5.2: Unirradiated UO2 Bright Field Micrographs g=220 [001] Direction  
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 This defect density that is present in the sample can pose challenges to further 
characterization of defects with radiation.  These defects can act as nucleation sites for 
dislocation loops and can act as sinks to defects during cascades and defect diffusion. 
5.2: Room Temperature Irradiation 
 Experiments conducted at room temperature show an increasing defect density, but little 
loop growth. These experiments involved irradiating bulk samples ex situ and then preparing 
them for TEM observation.  Upon receiving a small amount of Kr dose, the initial defect 
concentration appears to decrease from the unirradiated observations.  This is shown in Figure 
5.3 in the 1x10
14
-5x10
14
 ions/cm
2
 dose ranges.  The initial implantation may cause the existing 
defects to annihilate during the cascade.  As the dose increases new defects nucleate in the 
crystal shown at a dose of 8x10
14
 ions/cm
2
.  As the implantation continues to 1x10
15
 and 
1.5x10
15
 ions/cm
2
 dislocation lines begin to form and subsequently create a tangled network of 
lines and dot contrast defects. 
 During room temperature irradiation very few well defined dislocation loops form.  This 
is most likely due to the lower diffusion rates of atoms that occur at lower temperatures in 
materials.  As a result, defects remain isolated from each other can grow at a slow rate. 
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Figure 5.3: Room Temperature Bright Field Micrographs g=220 [001] Direction  
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5.3: 600°C Irradiation 
 Experiments performed at 600°C show similar results to that of the room temperature 
irradiation, but with some additional dislocation loop formation.  These experiments involved 
irradiating bulk samples ex situ and then preparing them for TEM observation.  The results of 
this irradiation are shown in Figure 5.4.  There is an initial defect concentration inherent in the 
film that annihilates or is annealed out during the initial dose.  The image of 1x10
14
 ions/cm
2
 has 
a lower defect concentration than that of the unirradiated samples discussed previously.  As the 
dose increases, the defects appear to grow in size more than the room temperature experiments.  
At a dose of 1x10
15
 ions/cm
2
 several small dislocation loops can be observed in addition to 
dislocation line formation. 
 
1x10
14
 ions/cm
2
 
 
5x10
14
 ions/cm
2
 
 
8x10
14
 ions/cm
2
 
 
1x10
15
 ions/cm
2
 
Figure 5.4: 600°C Bright Field Micrographs g=220 [001] Direction  
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5.4: 800°C Irradiation 
 Experiments performed at 800°C began to show more dislocation loop growth than those 
at lower temperatures.  These experiments involved irradiating bulk samples ex situ and then 
preparing them for TEM observation.  The results of this experiment are shown in Figure 5.5.  At 
800°C we observe dislocation loop formation at 5x10
14
 ions/cm
2
.  These loops continue to grow 
with increasing dose in addition to new defects nucleating.  At 1x10
16
 ions/cm
2
 a number of 
dislocation loops can be observed in addition to dot contrast defects and dislocation lines. 
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Figure 5.5: 800°C Bright Field Micrographs g=220 [001] Direction  
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5.5: In situ 800°C Irradiation 
 The 800°C in situ irradiation provides a more complete picture of the defect evolution as 
the same area of the same sample can be observed with increasing dose.  Figures 5.6-5.8 show 
the results of this experiment in both bright and dark field imaging mode at forty thousand times 
magnification in addition to bright field images at one hundred thousand times magnification 
respectively.  The first two images in Figure 5.6 and 5.7 show the effects of increasing the 
temperature of a prepared sample from room temperature to 800°C.  Even during this short 
amount of annealing, the initial defect concentration drops noticeably.  Unlike the lower 
temperature cases, the initial dose of 1x10
14
 ions/cm
2
 creates a number of dislocation loops.   As 
the dose increases, new defects form in addition to existing loop growth.  As the irradiation 
passes 8x10
14
 ions/cm
2
 the defect density appears to decrease as the current defects expand into 
larger loops and eventually a dislocation network. 
 Figure 5.9 shows histograms of the distribution of defect sizes and Figure 5.10 shows the 
defect size as a function of dose with data obtained from measurements of the micrographs using 
ImageJ software.  These figures show roughly linear defect size growth.  All of these 
measurements are limited due to the nature of directly measuring defects on digital micrographs.  
The diffraction condition can cause the defects to appear smaller or larger than they actually are.  
Defects are measured based on their dark field images to reduce errors in diffraction contrast.  
Due to the difficulty of resolving defects smaller than 2nm, they are not included in the 
measurements shown resulting in size distributions that are skewed to larger sizes accordingly. 
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Figure 5.6: 800°C Bright Field Micrographs g=220 [001] Direction  
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Figure 5.7: 800°C Dark Field Micrographs g=220 [001] Direction  
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Figure 5.8: 800°C Bright Field Micrographs g=220 [001] Direction  
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Figure 5.9: Histogram Data Showing Occurrences of Different Sized Defects at 800°C 
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Figure 5.10: Mean and Median Defect Sizes as a Function of Dose 
5.6: 1000°C Irradiation 
 Experiments at 1000°C show different behavior than all of the previous experiments at 
lower temperatures.  At 1000°C the diffusion rates are higher and thus allow defects to diffuse 
and cluster much easier.  Figure 5.11 shows the micrographs for this implantation.  At 1x10
14
 
ions/cm
2
 there are a large number of dislocation loops that are nucleated.  As the dose increases 
these loops grow resulting in a lower density of defects.  However, at very high dose most of the 
defects have healed in the material.  This is likely due to annealing as the 1x10
16
 ions/cm
2
 
implantation required the sample to be held at 1000°C for an extended period of time.  Figure 
5.12 shows under and over focus images at this dose which reveals large bubble features in the 
sample.  This feature is likely to be Kr bubbles that have coalesced due to the high dose and 
temperature regime of this implantation. 
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Figure 5.11: 1000°C Bright Field Micrographs g=220 [001] Direction  
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Figure 5.12: 1000°C Bright Field Micrographs g=220 [001] Direction  
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5.7: Combined Results 
 The following section compares the dislocation data acquired in all of the radiation 
experiments conducted in this thesis.  Defects are measured using ImageJ software to calculate 
the mean defect size and the areal density of the defects as a function of dose and temperature. 
Figure 5.13 shows mean defect diameters and Figure 5.14 shows areal defect densities both as a 
function of temperature and dose.  Areal densities are used due to the difficulty in estimating the 
thickness of the sample after ion milling.  However, this technique is justified since the thickness 
is consistent between samples since they are all electron transparent and were prepared using the 
same procedures. 
 At room temperature the defect size remains relatively constant while the density of 
defects increases with dose.  This corresponds to a large number of isolated defects that do not 
interact with each other.  Samples at 600°C and 800°C show similar behavior with increasing 
defect size with dose.  They also have an increasing defect density until 8x10
14
 ions/cm
2
 when 
the density begins to decrease.  This represents the growth of existing dislocations and loss of 
smaller defects due to clustering or sinks.  At 1000°C defects grow at a much higher rate than at 
lower temperatures and as dose increases, the defect density steadily decreases from its initial 
value. However, at very high dose most of the defects have annealed out due to the long 
implantation time at temperature. 
 Figures 5.15 and 5.16 show mean defect diameter and areal density as a function of 
temperature at a dose of 1x10
15
 ions/cm
2
.  Based on these plots, the mean defect diameter 
linearly increases as a function of temperature at this dose point.  The areal density decreases 
linearly up to 800°C, but then increases at 1000°C. 
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 Figures 5.13-5.16 can also be used to compare in situ and ex situ conditions at 800°C to 
each other.  An in situ experiment includes mechanical and ion polishing before irradiation.  As a 
result of this, the sample tends to bend during irradiation to relieve internal stresses.  An ex situ 
experiment implants the sample while it is still completely bonded to the substrate.  The 
mismatch strain between the film and substrate prevents the sample from bending during 
irradiation.  Despite these experimental differences, the results for both cases are similar.  Both 
show the same trends in defect diameter and areal defect density as a function of dose.  However, 
the defect diameter data is more consistent between the experiment types than the areal density. 
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Figure 5.13: Mean Defect Sizes as a Function of Dose 
 
Figure 5.14: Areal Defect Densities as a Function of Dose 
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Figure 5.15: Defect Sizes as a Function of Temperature at 1x10
15
 ions/cm
2
 
 
Figure 5.16: Defect Densities as a Function of Temperature at 1x10
15
 ions/cm
2
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Chapter 6: Conclusion and Future Work 
This thesis work involved irradiating depleted UO2 single crystals mounted on a YSZ 
substrate with 1MeV Kr ions.  The goal of the work was to characterize the development of 
defects in the crystal through transmission electron microscopy.  Irradiations were conducted ex 
situ at temperatures ranging from room temperature to 1000°C.  An in situ irradiation was 
conducted at 800°C.  Results show that at room temperature defects are nucleated and grow at a 
very slow rate.  At higher temperatures defects nucleate and grow with increasing dose 
sometimes forming dislocation loops with the most loops forming at or above 800°C. 
There is a wide array of analysis that can be done on the samples prepared in this thesis 
work in addition to expanding the scope of the project.  The prepared samples can be further 
examined in TEM to further characterize the defects present.  A b·g analysis can be performed 
by tilting the samples to multiple zone axes and beam conditions to determine the Burger’s 
vector of dislocation loops.  Samples can also be tilted to view the dislocation loops in an edge 
on configuration to better measure them and to determine their habit plane.  Inside-outside 
contrast techniques can also be performed to determine the nature of the dislocation loops as 
interstitial or vacancy. 
There are multiple ways this work can also expand its scope in the future.  Different 
irradiation conditions can show different damage phenomena in the material.  Low energy Kr or 
Xe implantation (150 keV range) can cause bubble growth in the film.  Under certain conditions 
coalescence may be observed.  Annealing experiments can also be performed using heated stages 
in electron microscopes to show the healing of damage caused by ion implantation and the 
defects inherent to the film-substrate system. 
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Appendix A: TEM Micrographs 
Figure A.1 shows a TEM image of the YSZ substrate material at 40k magnification.  This sample 
was irradiated at room temperature with a dose of 1x10
15
 ions/cm
2
.  The figure shows a 
progression from in focus to over and under focus.  The out of focus images allow imaging of Kr 
bubble that form as a result of the irradiation.  The under focused image shows the bubbles as 
white dots and the over focused image shows the bubbles as black dots.  There is also a high 
density of small dot like dislocation loops in the YSZ substrate. 
YSZ Substrate  
40k Bright Field Micrographs 
 
In Focus 
 
Under Focus 
 
Over Focus 
 
Figure A.1: YSZ Substrate Images 
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Figure A.2: Example of Moire Fringes Caused by Overlapping Film and Substrate Material 
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Appendix B: Additional Data 
 
 
Figure B.1: SRIM Data of Total Displacements in Target Film 
 
Figure B.2: SRIM Displacement Cascade Simulations 
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